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ABSTRACT 

We present results of a 12 CO J = 3-2 survey of 125 nearby galaxies obtained with the 10-m Hcinrich- 
Hertz- Telescope, with the aim to characterize the properties of warm and dense molecular gas in a 
large variety of environments. With an angular resolution of 22", 12 CO 3-2 emission was detected in 
114 targets. Based on 61 galaxies observed with equal beam sizes the 12 CO 3-2/1-0 integrated line 
intensity ratio R31 is found to vary from 0.2 to 1.9, with an average value of 0.81. No correlations 
are found for R31 to Hubble type and far infrared luminosity. Possible indications for a correlation 
with inclination angle and the 60/^m/100/im color temperature of the dust are not significant. Higher 
i?3i ratios than in "normal" galaxies, hinting at enhanced molecular excitation, may be found in 
galaxies hosting active galactic nuclei. Even higher average values are determined for galaxies with 
bars or starbursts, the latter being identified by the ratio of infrared luminosity versus isophotal area, 
log [(L-pi-n/ Lq) / (D% 5 /kpc 2 )] > 7.25. (U)LIRGs are found to have the highest averaged R31 value. This 
may be a consequence of particularly vigorous star formation activity, triggered by galaxy interaction 
and merger events. The nuclear CO luminosities are slightly sublinearly correlated with the global 
FIR luminosity in both the 12 CO J = 3-2 and the 1-0 lines. The slope of the log-log plots rises 
with compactness of the respective galaxy subsample, indicating a higher average density and a larger 
fraction of thermalized gas in distant luminous galaxies. While linear or sublinear correlations for the 
12 CO J = 3-2 line can be explained, if the bulk of the observed J = 3-2 emission originates from 
molecular gas with densities below the critical one, the case of the 12 CO J = 1-0 line with its small 
critical density remains a puzzle. 

Subject headings: galaxies: ISM - galaxies: starburst - galaxies: active - radio lines: galaxies - ISM: 
molecules - surveys 



1. INTRODUCTION 

Low lying rotational transitions of CO are widely used 
as tracers of molecular hydrogen and are essential to de- 
termine dynamical properties and total molecular masses 
of galaxies. The widespread use of 12 CO J = 1-0 and 
2-1 (hereafter CO( l-O) and CO(2-l)) spectroscopy (e.g . 

Yohng et al.lll995t IChini et alJ lTool 
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ever, not sufficiently complemented by systematic sur- 
veys in higher rotational CO transitions to constrain the 
excitation conditions of the dense interstellar medium 
(ISM). While the J = 1 and 2 states of CO are only 
5.5 and 17 K above the ground level, the J = 3 state 
is at 33 K and traces a component of higher excitation. 
The "critical densities" , at which collisional de-excitation 
matches spontaneous decay in the optically thin limit, is 
- 10 5 cm- 3 for 12 CO J = 3-2 (hereafter CO(3-2)) in 
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contrast to 10 3 5 and 10 4 3 cm -3 for the two lower rota- 
tional CO transitions. Therefore, the CO(3-2) line is a 
particularly useful tracer of the molecular gas properties 
in the central regions of galaxies, where the molecular 
gas is generally believed to be war mer and denser than 
in typical galactic disk clouds (e.g.. iGiisten et aLlll981l ; 
IMauersbereer fc Henkell Il99l . The CO(3-2) to (1-0) 
line intensity ratio is better suited to constrain the gas 
temperature and density than the ratio of CO(2-l) to 
(1-0). 

In the local universe, most of the evidence for a higher 
excited gas phase comes from species other than CO. 
In many cases, however, such rare molecular species are 
difficult to detect, particularly in higher excited tran- 
sitions. To investigate properties (e.g. spatial density, 
column density, kinetic temperature) of the bulk of the 
gas for a large sample of galaxies, observations of strong 
lines are needed. Thus, CO transitions of higher exci- 
tation have to be observed. This has been proved to 
be very successful in the first extragalactic CO (3-2) sur- 
vey encompassing a signifi cant (29) number of galaxies 
(jMauersberger et al.l fl999h . in which CO(3-2) was de- 
tected in all of the targets studied. 

En couraged by this result (see also iDevereux et al.l 
I1994D . we have us ed the Heinrich Hertz T elescope (HHT) 
on Mt. Graham (B aars fc M artin 1996) to observe the 
CO (3-2) line in an extended sample of galaxies. After 
we started this extended project, additional extragalactic 
CO(3-2) surveys have been carried out, aiming at differ- 
ent types of galaxies. These include Virgo cluster galax- 
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ies (lHafok fc Stutzkil 120031). infrared lum inous galax- 
ies (lYao et al.l 120031 iNaravanan et al.ll2005D . early type 
galaxies (iVila-Vilaro et al.| I2003D. "compact and dwarf 
galaxies ( Meier et al.ll200ll: ferael I2005D double barred 
galaxies (jPetitpas fc Wilson 2003, 2004), nearby galax- 
ies of various types (|Bavet et ail \2006). and most re- 
cently some nearby spiral and elliptical galaxies with two 
newly moun ted submillimeter teles c opes in Chile, APEX 
and ASTE (iNakanishi et al.l [20071: iKomugi et all [20071: 
IGalaz et al.l l2008D. Some~extended CO(3-2) maps were 
also reported toward a handful of n earby galaxies (e.g., 
Dumke et all 120011: iMuraoka et"all 120091 : [Warren et all 



2010j). Interferometric CO (3-2) maps of individual 



galaxies are also feasible than ks to the Submillimeter Ar - 
ray (hereafter SMA; see, e.g.. iWilson et al.ll2008l I2OO90 . 
However, the detailed study of warm gas in nearby galax- 
ies is still in its infancy. This is regrettable, in particular 
because of its crucial role in highly redshifted targets, 
where not CO (1-0) b ut higher excited CO lines are co m- 
monly observed (e.g.. iSolomon fc Vanden Boutl l2005). 

In this paper, we present the results of our survey, 
which covers the by far largest sample of galaxies mea- 
sured so far in the CO(3-2) line. The data were ob- 
tained in a "coherent" way, making use of a specific 
telescope/receiver/backend combination. With comple- 
mentary information from CO(1-0), taken from the lit- 
erature, we thus present a data base of unprecedented 
size, providing a suitable basis to check the quality of 
our data (as well as those reported earlier) and allow- 
ing us to tackle a number of astrophysical questions. 
The data are used for the following main purposes: 1) 
to provide a large and homogeneous data set of CO (3- 
2) spectra, which will form an essential basis for fu- 
ture studies, either aiming at higher angular resolution 
or searching for higher ex cited CO transitions see, e.g., 
(|Van der Werf et aDl2010h for a pioneering study), 2) to 
systematically trace the global properties of the warm 
and dense molecular gas in various galaxies, 3) to test 
whether there are any correlations between the molecu- 
lar gas excitation (given by the CO(3-2)/CO(l-0) inten- 
sity ratio) and galaxy properties such as Hubble type, 
nuclear activity, far infrared (FIR:40-400 /im) luminos- 
ity, 60/im/lOO/i color temperature of the dust, and in- 
clination, 4) to evaluate the effect of galaxy interactions 
on the molecular gas properties, 5) to test whether the 
CO (3-2) line is a better tracer of star formation than the 
CO(1-0) line, and 6) to evaluate the Schmidt-Kennicutt 
law in the light of the new data. We present the sample 
selection in §2, the observations in §3, the basic results 
in §4, a systematic analysis of correlations in §5, and the 
summary in §6. 



2. THE SAMPLES 

2.1. Sample selection 

Our sample selected for the CO (3-2) survey consists of 
125 galaxies which are part of five major partially over- 
lapping sub-samples. Table [T] lists all the sample galaxies 
along with some basic properties mostly drawn from the 



NED 8 and HyperLEDA 9 ([Paturel et al.ll200l . 

The first sub-sample consists of 58 nearby galax- 
ies of various types. It contains 22 reobserved 
sources that were alread y part of our initial survey 
(jMauersberger et al.lll999T l. and is complemented by the 
remaining IRAS point sources with 5*i nn { im. > 50 Jy and 
S > -30° dHenkel. Wouterloot fc BallvHl98ff ) as well as 
sources observed bv lBraine et al.1 (|1993ft in the CO (1-0) 
and (2-1) transitions (with the IRAM 30-m telescope) if 
integrated intensities are > 10Kkms~ . 

The second sub-sample consists of 32 galaxies from a 
volume limited sample (V <7000kms _1 ) of all Seyfert 
galaxies and low-ionization nuclear emi ssion-line regi ons 
(LIN ERs) in Huchra's catalog of A GN (|Huchralll993h or 
in the iVeron-Cetty fe; Veronl (|1991[ ) catalog that are also 
included in the Revised Shapley Ames Catalog (RSA) and 
that are accessible with the HHT (74 in total). 

The t hird sub-sample consists of 25 early type galax- 
ies from lHenkel &: Wiklindl (fl997h with CO(1-0) and/or 
CO(2-l) lines detected. Observations at radio, optical, 
and X-ray wavelengths have shown that early-type galax- 
ies contain an interstellar medium (ISM) comprising the 
same components as found in spiral galaxies, but with 
different mass fractions of the gas components (see also 
Hen kel & Wikhndl [19971 for a review). 

The fourth sub-sample consists of clearly iden- 
tified 11 interacting or merging systems, which 
are mainly luminous infrared galaxies (LIRGs, 
10 11 L < L F i R < 10 12 L o ). The selection is based 
on their relatively high single dis h and/or interfer- 
ometer CO(l-O ) fluxes (see, e .g., I Sanders et al.1 119911 : 
iGao et aLlll999t iLo et al.ll2000l and references therein). 
These galaxy systems are thought to be at different 
merging/interaction phases, i.e. at the early (pre- 
sumably pre-starburst: Arp 303N/S, UGC 8335A/B, 
NGC 5257/8, Arp 302N/S, Arp 293 and NGC 6670A/B), 
intermediate (Arp 55, Mrk 848 and NGC 4038/9), or late 
stages of interaction (NGC 1614, NGC 5256), according 
to the spatial separation of the respective galaxy pair in 
each system. The two core positions of five early mergers 
(not Arp 293) as well as NGC 4038/9 (the Antennae) 
were measured separately because they are spatially 
resolved by our 22" beam (see §3). Including these 
double core positions, the fourth sub-sample contains a 
total of 17 individual sources. For the central position 
of Arp 302, "Arp 302 center" (Table[l|), see also §A.2. 

The members of the fifth sub-sample are prominent 
OH megamaser galaxies, including 4 ultraluminous in- 
frared galaxies (ULIRGs, L Fm > 1O 12 L : IRAS 17208- 
0014, Mrk 231, Mrk 273, and Arp 220) and 2 LIRGs 
(III ZW 35 and NGC 3690B), all of them being late merg- 
ers (following the classification outlined above), except 
NGC 3690B, which is "early". 

2.2. Sample properties as a whole 
2.2.1. The IRAS fluxes 

98 of our sample galaxies are part of t he IRAS Re- 
vised Bright Galaxy Sample (RGBS) by ISanders et alJ 

8 The NASA/IPAC Extragalactic Database (NED) is operated 
by the Jet Propulsion Laboratory, California Institute of Tech- 
nology, under contract with the National Aeronautics and Space 
Administration. 

9 HyperLEDA database: http://leda.univ-lyonl.fr 
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( 2003), which provides revised IRAS fluxes. 23 of these 
were determined with particularly high precision, also 
profiti ng from the HIRES imaging reconstruction tech- 
nique (jSurace et al. 2004). With the higher spatial res- 
olution obtained by this technique, four of our galaxy 
pairs (i.e., Arp 303N/S, NGC 5257/8, UGC 8335A/B, 
and Arp 302N/S) are resolved and fluxes for each indi- 
vidual galaxy are available. The mid- to far-IR emis- 
sion of the NGC 4038/9 system (the Antennae) orig- 
inates predominantly from the overlap r egion where 
the d isks of two galaxies interact (e.g., iSchulz et al.l 
I2007t ). Flux densities directly obtained from IRAS 
catalogs, i.e. the IRAS Point Source Catalog (PSC; 
I Joint IRAS Science Working Groudll988p. the IRAS Ex- 
vlanatorv Suvvlement (|Beichman et al.lll988l ). and the 
IRAS Faint Source Catalog (FSC: iMoshir et all fl99l 
were taken for the rest of the sample. We then applied 
the flux densities to calcul ate the FIR luminos ity (Lfir 
= L (40-400 /im). following [Moshir et al.l (|1992[ ). and the 
60 /xm/100 /Ltm color temperature (Tdust), assuming an 
emissivity that is proportional to the frequency v. Two 
galaxies, IC 750 and NGC 4138, were not observed by 
IRAS. 

2.2.2. Galaxy classifications 

With improved observations, galaxy classifications 
may have to be modified in some cases. We have used 
the NED classifications from August 2008 as standard 
throughout the paper. While Seyferts/LINERs can be 
directly recognized from NED, starbursts are not explic- 
itly indicated. There exists a variety of definitions of the 
starburst phenom enon in th e litera ture, which have been 
review ed by, e.g., iHeckmanl (|2005l ) and iKennicutt et all 
(2005). A starburst can be defined in terms of its ab- 
solute star forming rate (SFR), its SFR surface density 
(the SFR per unit area) , or if its SFR exceeds an average 
value from the past by a fixed amount. The situation is 
further complicated by the choice of the respective SFR 
tracer like, e.g., the ultraviolet emission, the far infrared 
emission, or the radio continuum. Spectroscopic tracers 
like recombination lines (e.g., Ha) have also been fre- 
quently used. 

Here we select .Lfir as the measure of the SFR and de- 
fine a starburst galaxy in terms of its SFR surface den- 
sity. Lacking high resolution information, we use with 
the isophotal diameter D25 the ratio Lfir/-C>25 to deter- 
mine the SFR surface density and classify targets with 
log (LpiB,/Dl 5 ) > 7.25 L Q kpc -2 as starburst galaxies. 
This parameter is plotted as a function of log -Lfir in 
Fig. [TJ where the boundary between starburst and non- 
starburst galaxies is marked by a dashed horizontal line. 
The borderline was chosen to ensure that most of the well 
known starburst galaxies are properly classified. Galax- 
ies, which were classified as starbursts in the literature 
(regardless of the details of the definition), are marked as 
stars. While all (U)LIRGs and most of the well known 
starburst galaxies are well above the borderline, there are 
19 galaxies that were "misclassified" (following our defi- 
nition) as non-starbursts and 7 galaxies that were "mis- 
classified" as starbursts. NGC 253, a typical starburst 
galaxy, and IC 342, a galaxy similar to our Milky Way 
galaxy, are part of Fig. [T] to ensure that the classification 
method is correct. Both are located in the expected zone. 
The starburst sub-sample, selected as such, includes 24 



classical starbursts, 16 Seyfert composites, 13 starburst 
supported LINERs, 3 dwarf starburst galaxies (Mb > - 
18; e.g., NGC 1569 ), and all 28 (U)LIRGs, or in total 
77 galaxies (some of these galaxies have more than two 
assignments) . 

Characterized by FIR luminosity and nuclear activ- 
ity, the entire sample consists of 4 ULIRGs, 24 LIRGs, 
45 Seyferts, 45 LINERs, 49 starbursts neither being 
ULIRGs nor LIRGs, and 11 "normal" galaxies. Note that 
one object may be part of more than one sub-sample. 
The sample classification is presented in more detail in 
Tabled 

The sub-sample of Seyferts is severely biased to Seyfert 
2 galaxies, with only 7 galaxies classified as Seyfert 1. 
Although individually not satisfying the LIRG criterion 
10 11 L Q < ipiR < 10 12 L , Arp 303 S and N are both 
classified as LIRGs since the system as a whole meets 
the LIRG criterion. There are 16 Seyferts that are also 
classified as LINERs. Hence there is a total of 74 AGN in 
our sample. Excluding those overlapping with the star- 
burst and (U)LIRG sub-samples, there remain 35 galax- 
ies which show "pure" AGN activity. 

The sample can also be broken down by Hubble types. 
We observed 42 early-type (including 19 lenticulars, 2 
ellipticals, 1 cD, and 20 early-type spirals) and 54 late- 
type galaxies (5 irregulars and 49 late type spirals), 
with a Hubble type index of t = 3 (or Sb in the 
RC3. lde Vaucouleurs etaLlll991l;IPaturel et al.ll2003fl be- 
ing used as the dividing line (t <3: early type, t > 3: 
late type) . Because of their peculiar morphology, the 28 
(U)LIRGs of our sample have not been included. Con- 
cerning the presence and the strength of a bar, the sample 
covers 42 SA (unbarred), 31 SAB (weakly barred) and 25 
SB (barred) galaxies. It also comprises 11 Virgo cluster 
galaxies and 8 dwarf galaxies (M B > -18). 

2.2.3. The sample distribution 

In Fig. [5] we present some basic properties of the entire 
sample of 125 observed galaxies, i.e. the distribution of 
Hubble type, FIR luminosity (Lfir), 60/zm/100/im dust 
color temperature (Td ust ), distance (d p ), optical angular 
size (D25 in arcmin), optical linear size (-D25 in kpc), 
inclination angle (i), and absolute B-band magnitude 
(Mb). Our sub-samples cover almost all types of galax- 
ies, with most of them belongi ng to Hubble types 3-5 
(see lde Vaucouleurs et al.lfl991f ) . corresponding to the re- 
vised (de Vaucouleurs) morphological types Sb-Sbc-Sc. 
The far-infrared luminosity of our sample spans almost 
5 orders of magnitude, log^Fm/L©) ~ 7.5-12.4, with a 
median value of log^pm/L©) ~ 10.2, which is very close 
to the total far -infrared luminosity of the Galaxy (e.g., 
IBeichmanlll987f ). The dust color temperature Td us t, ob- 
tained by assuming an emissivity propertional to v (see 
footnote to Table 1), varies between 24 K and 50 K, with 
a peak at about 35 K. The distance distribution shows a 
strong peak at 10-20 Mpc, where our beam size of 22" 
(see §[3j) corresponds to a linear scale of about 1-2 kpc. 
These are typical sizes for circumnuclear starbursts. The 
optical diameter is in a range between 0.4 to 18.6 arcmin 
on an angular and 1.3 to 78 kpc on a linear scale, with 
values of 25-40 kpc being most typical. About 70% of our 
sample galaxies have an optical diameter (-D25) smaller 
than 5 arcmin, and the strong peak at 1-2 arcmin is due 
to the merging sequence sub-sample (see §2.1). The in- 
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clination angle is broadly distributed between ~30° and 
90°. There are only few galaxies with inclinations below 
i ^30° . Our sample spans a B-band absolute magnitude 
range from -16.4 to -22.6, the majority having with Mb 
< -20 a high luminosity. 

3. OBSERVATIONS 

All the CO(3-2) observations were conducted with 
the 10-m Heinrich-Hertz Telescope (HHT) on Mt. Gra- 
ham/Arizona with a beamwidth of 22" 10 . Most of 
our galaxies were observed during Feb., Apr. and Nov. 
1999, Jan. and Mar. 2000. The majority of the merg- 
ing/interacting galaxies was observed in Mar. 2003, 
Mar. 2004 and Mar. 2005. In all cases, the same 
dual channel 345 GHz SIS (Superconductor-Insulator- 
Superconductor) receiver was employed. Spectral pro- 
files were obtained with two acousto-optical spectrome- 
ters (AOSs), each with 2048 channels (channel spacing 
~ 480 kHz, frequency resolution ~ 930 kHz, correspond- 
ing to a velocity resolution of ~0.8kms _1 ) and a total 
bandwidth of 1 GHz. 

Spectra were taken using a wobbling (2 Hz) secondary 
mirror with beam throws of ±120" to ±240" in azimuth. 
Scans obtained with reference positions on either side of 
the source were coadded to ensure flat baselines. Re- 
ceiver temperatures were of order of 170 K and system 
temperatures were ~ 900 K on a T£ scale, respectively. 

Calibration at submillimeter wavelengths is often diffi- 
cult, especially for extragalactic observations, and needs 
to be carefully checked. The receivers were sensitive to 
both sidebands. Any imbalance in the gains of the lower 
and upper sideband would thus lead to calibration er- 
rors. To account for this, galactic calibration sources 
(e.g. Orion-KL, IRC+10216, Sgr B2, G34.3, and W51, 
depending on availability at the time of observation) were 
observed prior to the target source with the same re- 
ceiver tuning setup. Published spectral line survey data 
in t he 345 GHz band we re used for inte nsity calibrations, 
e.g. iSchilke et all (119971) for Orion-KL. iGroesbeck et all 
(119941) for IRC+1021 6, I Sutton et all (119911) for Sgr B2 
IHatchell et all (fl998h for G34.3, and lWang etUI (|l99l 
for W51. Pointing and focus were carefully checked be- 
fore the calibration spectra were taken. Nevertheless, the 
absolute calibration error could be as large as ±30% (see 

MM- 

After a first order (or second order in very few cases) 
baseline subtraction, the antenna temperature T£ was 
converted to main beam bri ghtness temper ature T m b via 



T mh = T£ (F cS /B cS ) (see, bownei [l989h . The main 



beam efficiency, B c g, was 0.5 at 345 GHz, as obtained 
from measurements of Saturn, and the for ward hemi- 
spher e efficiencies, F c g, was 0.9 (see also IMao et al~l 
120021) . 

To reduce as much as possible the number of receiver 
tunings, we used the same tuning setup to observe as 
many galaxies as possible with similar velocities. There- 
fore, in some cases the line is detected well outside the 
center of the spectrum and sometimes even reaches the 
band edge of the backend, in which case only a zero or- 
der baseline subtraction was performed. Additionally, in 

10 The HHT was operated by the Submillimeter Telescope Ob- 
servatory on behalf of Steward Observatory and the Max-Planck- 
Institut fur Radioastronomie. 



a few galaxies like Mrk 273, NGC 6240, IRAS 17208- 
0014, Arp 220, and Arp 302N, the full width to zero 
power of the line is as wide as ^1000 km s" 1 (as shown i n 
wide band interferometer data; e.g., IScoville et aLlll997|) , 
which exceeds the bandwidth of the backend used for 
our observations. The intensities in such cases can only 
be considered as lower limits, unless some concatenated 
spectra were obtained, as in the case of Arp 220 and 
Arp 302N. 

4. RESULTS 
4.1. Spectra and line parameters 

Figure [3] shows the CO (3-2) spectra (on a T m b scale) 
towards all detected galaxies. The line parameters or 
the upper limits in case of non-detections are given in 
Table 131 The spectra have been smoothed to a velocity 
resolution of ^3-20 km s" 1 in order to show the emission 
features more prominently. Spectra with the velocity in- 
tegrated intensity I32 — ^co(3-2) — / ^mb dv larger than 
three times the r.m.s noise are considered to be detected. 
We have determined the integrated line intensity, the ra- 
dial velocity and the line width using either Gaussian fits 
to the lines, or the moments of the spectra in the case 
of non-Gaussian line profiles. Spectra of Arp 220 and 
Arp 302N were concatenated from two different velocity 
setups to cover the full velocity ranges that exceed the 
bandwidth of the backend. Of the observed 125 galax- 
ies, 114 were detected, among which CO(3-2) data of 65 
galaxies are reported here for the first time. For spectra 
with a signal to noise ratio of less than 3, an upper limit 
is derived using I 32 < 3cr (AV10 Sv) 1 ^ 2 , where a is the 
r.m.s noise in T m t, for a single channel, and AVxo repre- 
sents the full li newidth taken from the FCRAO CO (1 -0) 
survey results (jYoung et al.lll995t iKennev et al.lll988l ) or 
arbitrarily set to 400 kms -1 if there was no CO(1-0) 
data available. Sv denotes the channel spacing. 

The CO(3-2) luminosity, ^co(3-2) m units of 
K kms -1 pc 2 , is calculated within our 22" beam by 

£co(3-2) = [7r/(4Zn2)] e t 2 nb J32 dl (1 + zy 3 , (1) 

where O mb = 22" = 1.067xl0~ 4 rad is the full width 
to half maximum (FWHM) main beam size of the HHT 
at 345 GHz, = d c (l+z) is the luminosity distance in 
pc (d p : proper distance in pc, see footnote to Table), 
and z — fhei/c denotes the redshift. The CO(1-0) lu- 
minosity is derived similarly (see footnotes in Table[3]). 
Because of identical beam sizes (22"), the averaged in- 
tensity ratio between the J=3-2 and 1-0 CO lines, R31 = 
Ico(3-2)/^co(i-o): is calculated for galaxies with avail- 
able IRAM-30m CO(1-0). For galaxies with CO(1-0) 
data from other telescopes, upper or lower limits are 
given for R 3i , depending on the CO(1-0) beam size. 

4.2. Detection rates and non- detections 

Our CO(3-2) detection rates are 91% (10/11), 86% 
(64/74), 100% (49/49), and 100% (28/28) in normal, 
Seyfert/LINER, starburst galaxies, and (U)LIRGs, re- 
spectively, or about 90% in total. Fortuitously, both the 
total number and the detection rate, 89% (39/45), are the 
same for the Seyferts and LINERs. Those sample galax- 
ies that are known to host 22 GHz H2O and/or 18 cm 
OH masers are all detected in CO(3-2). For the Virgo 
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Cluster galaxies, dwarf galaxies, early type and late-type 
galaxies (see § I2.2.2[) the detection rates are 82% (9/11), 
75% (6/8), 78% (18/23) and 94% (46/49), respectively. 
Note again that we adopted the NED based classifica- 
tion, which may suffer in some cases from ambiguities. 

Eleven of our sample galaxies were not detected in 
CO (3-2) according to our detection criteria mentioned 
above. Their CO (1-0) intensity is weak on average 
(<20Kkms~ 1 ), with the only exception of NGC 4438 
where a relatively strong (^70 Kkms -1 ) CO(l-O) inten- 
sity was reported. NGC 4438, together with NGC 2841 
and NGC 5866 were, however, observed at poor weather 
conditions. NGC 7077 is considered to be a tentative 
detection, since the central velocity differs by about 
140 km s^ 1 from that of the CO(l-O) line, while its 
integrated intensity marginally satisfies the detection 
criteria with an S/N ratio of 4er. One of our non- 
detections, NGC 855, a dwarf elliptical, was detected by 
iNakanishi et al.l (|2007[ ) after a deep integration. The re- 
ported intensity is below our 2a level and therefore well 
below our detection limit. 

It is interesting to note that, except for one dwarf el- 
liptical (NGC 855), all the rest of the non-detections are 
AGN hosts (either Seyferts or LINERs), and are mostly 
early type galaxies (7 lenticulars and 3 spirals). This 
is suggestive of a possible destruction of molecular gas 
reservoirs by AGN feedback, and consequently a sup- 
pression of star formati on in early type galaxies (see, e.g., 
ISchawinski et al.ll2007t ). Except for 3 SAB galaxies, the 
non-detections were all obtained from unbarred galaxies. 

4.3. Consistency of the observed CO intensities 

As already mentioned in §3, calibration uncertainties 
may rise up to ±30%. Furthermore, with a 22" beam, 
any shift > 5" could yield significant discrepancies in 
both line shape and intensity. This could further in- 
crease the uncertainties of measured absolute intensities 
and requires a detailed comparison with data from previ- 
ous surveys with respect to both intensity and line shape. 
The large sample analyzed here brings us into the unique 
position to test not only the quality of our own data but 
also that of previously studied samples. The compari- 
son of spectroscopic results is given in the Appendix and 
starts with previous measurements also obtained with a 
10-m sized telescope (§A.l) and continues with the in- 
clusion of data from the James Clerk Maxwell 15-m tele- 
scope (JCMT, §A.2). 

In general, our results are consistent with published 
data. The inconsistencies found for a few individual 
sources can be attributed to errors of pointing, calibra- 
tion and baseline subtraction (especially for broad spec- 
tra) which are difficult to quantify. A typical error of 
~30% is not unusual even for millimeter observations. 
Therefore, the inconsistencies shown in the Appendix 
are within expected ranges, still leaving space for signif- 
icant improvements, possibly obtained by mapping the 
galaxy cores. Among the sources with large discrepan- 
cies in intensities (> 50%), four (NGC 891, NGC 3079, 
M 83, and Arp 220) have been reported with both weaker 
and stronger intensities in the literature, leaving our in- 
tensities close to the medium values. Among galaxies 
with published CO(3-2) maps available, large discrepan- 
cies are found for four out of a total of twelve sources 



(NGC 891, NGC 2146, NGC 3593, and NGC 4631). 
Skewed profiles appear in a few spectra of Fig. [3] and 
are most likely caused by pointing errors. Some galaxies 
show, however, off-centered CO emission, and the profiles 
from the nuclear regions are thus not necessarily symmet- 
ric. Considering all these uncertainties and also to keep 
the uniformity of the data set, we will exclusively use 
our data for the following discussion. Given the large 
sample, a few galaxies with relatively large calibration 
errors should not affect the overall correlations (see also 

§ 1523) ■ 

5. DISCUSSION 
5.1. The CO(3-2)/(l-0) Line Intensity Ratio 
The beam averaged integrated intensity ratio, R31 
= ^co(3-2)/^co(i-o): can serve as an indicator of the 
molecular gas excitation since the ratio is sensitive to 
the temperature and den sity of the molecular gas (e.g., 
iMauersberger et aT1ll999| ). Although the excitation sta- 
tus of the molecular gas cannot be accurately determined 
with only two optically thick transitions, i.e. CO (3-2) 
and (1-0), we can use R31 to constrain the molecular gas 
temperature and density with either Large Velocity Gra- 
dient (LVG) or Photon-Dominated Region (PDR) mod- 
els. While it is likely th at R^ is varying w ithin the 
region observed (see, e.g., iDumke et alj 12001. who find 
that CO(3-2) is more centrally concentrated), our R31 
values provide a representative average over the size of 
the beam. 

5.1.1. Molecular Gas Excitation Traced by R31 

Considering A = [n(CO)/n(H 2 )]/(du/dr) = 
10~ 4 and 10~ 5 ( km s ~ 1 /pc)~ 1 , consistent with 
IMauersberger et ail (11999ft. one-compon e nt LVG cal- 
culat i ons (c.f. IScoville k, Solomon] 119741 : iHenkel et al.1 
1980 ; IMao et alTl oOO) with the recent collision rates 
of iFlower I (|200lj) show that R31 > 1 corresponds to 
T k > 60 K and an H 2 density of n(H 2 ) > 10 35 cm" 3 . 
Both of these valu e s are larger than those given in 
IMauersberger et ail (fl99 9) . where old collision rates 
were used. For the extreme case of R31 — 1.9, a gas 
temperature of at least ~200 K is required. A ratio of 
R31 = 0.2 would instead indicate n(H 2 ) < 300 cm~ 3 for 
A = 10~ 4 (km s^/pc)' 1 , or ra(H 2 ) < 2500 cm~ 3 for A 
= 10~ 5 (km s^Vpc)- 1 if T k = 20 - 60 K. 

The thermal budget of the interstellar molecular gas 
in starburst regions can be descri bed predominantly in 
term s of a PDR scenar i o (see, e.g..lHollenbach fc Tielensl 
[19971 IMao et al.l 120001 : ISchulz et all 12001 7" If we take a 
typical strength of the incident far-ultraviolet (FUV) ra- 
diation field, Go ~10 2 - 8-3 - 9 (in uni ts of the local gal actic 
flux, 1.6xl0~ 3 erg s" 1 cm" 2 , c.f. IMao et aL|[2000l and 
references therein) , as for the starburst in M82, the stan- 
dard PDR model (|Kaufman et al.|[l999() results in n(H 2 ) 
_ -^q3.9-4.9 cm -3 anc j c i ouc [ sur face temperatures of 300 
- 600 K for R 31 = 1.0 - 1.6. 

Among our 114 galaxies with detected CO (3-2) emis- 
sion, 68 have published IRAM-30m CO(1-0) data. These 
are the best candidates for a comparison (c.f. §4.1) 
because of matching beam sizes (22"). Seven of these 
galaxies (marked with a superscript f in Col. (10) of Ta- 
ble [3]) have been excluded because of a positional dis- 
crepancy by > 5" (for the coordinates used by us, see 
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Table Q]). Therefore, there remain 61 sources for our 
analysis. For those galaxies with no available IRAM- 
30m CO (1-0) data but with measurements from other 
telescopes (i.e. NRAO-12m, FCRAO-14m, SEST-15m, 
Onsala-20m and NRO-45m), upper or lower limits were 
estimated. The results are listed in Table El 

Figure 2] shows the distribution of the R31 ratio of 
the 61 sources. The distribution has a prominent peak 
around 0.5, which is the t ypical value in th e spiral arms 
of the Galactic disk (e.g., lOka et aDl2007j ). and an ad- 
ditional minor excess at about 1.5, which is a sign of 
highly excited gas as found in the Central Molecular 
Zone (CMZ) of the Galaxy (for the Sgr A region see, e.g., 
lOka et al.ll2007h . The values of R 31 r ange widely from 0.2 
to 1.9 with a mean of .81 ± 0.06 (cf. iMauersberger et all 
fl999tlYao et~aH [2003). the error being the standard er- 
ror of the mean. The R31 distribution is deviating from 
a normal one, so that (following Chebyshev's inequality) 
probabilities within a given range of standard deviations 
are expected to be moderately lower than those in the 
case of a normal distribution. 

There are 18 sources with R31 > 1, indicative of very 
high excitation combined with low optical depth. As ex- 
pected, these are mostly starbursts or (U)LIRGs, since 
such high i?3i ratio gas may arise predominantly from 
UV-irradiated surfaces of molecular clouds or shocked 
regions, possibly generat ed by the intera ction with su- 
pernova expansion waves ()Oka et al.ll2007l and references 
therein), which are fairly common in starburst regions. 

NGC 3310, a starburst galaxy with an exceptionally 
hi gh CO(2-1)/(1-0) i ntens ity ratio (2.6±0.6) as found 
bv lBraine fc Combesl (|1992f ). shows also the highest R31 
ratio (1.9±0.52), confirming the peculiar physical condi- 
tions of the molecular gas in its central region. Enhanced 
massive star formation triggered b y a recent merging 
event with a gas-rich galax y (e.g iBalick fc HeckmarJ 
119811 : iKregel fc Sancisil 120011 ) is most likely responsible 
for this peculiar value. 

Molecular gas with a high R31 ratio does not always 
need high excitation and has also been found in the 
Galact ic interarm regi ons where low density gas domi- 
nates l|Oka et al.ll2007f l. However, such interarm regions 
should not dominate the overall CO emission of a spiral 
galaxy. Alternatively, a warm opaque cloud veiled by a 
cool foreground layer of low density, which absorbs the 
CO (1-0) but not the CO (3-2) emission, could also raise 
the R31 ratio to an exceptional level without participa- 
tion of highly excited gas of low opacity (see below). 

Table Q] summarizes the results related to R31 for the 
different galaxy types outlined in § 2.1. In the following, 
we will discuss which properties of the galaxies observed 
may most efficiently affect the determined -R31 ratios. 

5.1.2. Correlations between R31 and galaxy properties 

In Fig. [5j -R31 is shown as a function of Hubble type, 
distance (or linear beam size), inclination, FIR luminos- 
ity, 60/im/100/im dust color temperature, and optical 
size (D 25 )- 

1) Hubble type - There is no co rrelation between Rm 
and Hubble type (Fig.[5K, but see iNakanishi et all 120071 
for elliptical galaxies). The bulk of the CO emission in 
the majority of galaxies arises from the central region, 
which is largely decoupled fro m the Hubble typ e and the 
shape of the large scale disks (|Kennicuttl fl998'). 



2) Projecte d beam size — Fig . [5}j shows no correlation, 
agreeing with lYao et all (|2003f) on a similar analysis for 
their sample. Such a lack of correlation also holds within 
a given Hubble type of galaxies. It may imply that to- 
ward the nearby galaxies we see exclusively the nuclear 
region, while in the more distant more luminous galaxies 
the central regions become so dominant that the larger 
projected beam size is not important any more. 

3) Inclination - Inclination may affect the observed 
R31, since we tend to include more low excitation gas 
from the outer disk into the observing beam for galax- 
ies seen more edge-on, thus lowering R31. Nevertheless, 
Fig.[SJ: shows no strong trend between R31 and the cosine 
of the inclination. However, the upper envelope of the 
R31 distribution as well as the number of sources with 
high R31 increase with decreasing inclination. While this 
agrees with the expected trend, the correlation is not sig- 
nificant. 

4) FIR luminosity and color temperature of the dust - 
The FIR luminosity and the temperature of the dust are 
expected to be correlated with the molecular gas excita- 
tion, if dust and gas are coupled. In Figs. [5pl and e we 
therefore correlate R31 with Lfir and the 60/im/100 urn 
dust color temperature (Td us t)- Although there may be 
a weak trend with Td us t, similar to that mentioned above 
for the inclination, no significant correlation is evident. 
This could be partially attributed to the fact that we 
plot the global dust properties against the rather local- 
ized line ratio R31 emphasizing the nuclear regions. In 
Fig. [5f we also plot R31 as a function of Lfir/-D 25, a 
measure of the SFR per unit are a, but again the re is no 
convincing correlation (see also lYao et all l2003f) . This 
can be interpreted in the sense that star formation is a 
locally confined activity. 

5) Nuclear activity - In addition to star formation, 
AGN may also provide a source of heating for the 
surro unding molecular gas (see, e.g., iMatsushita et al.l 
2004). As summarized in Table 01 the average R31 ratios 
are 0.65±0.08 and 0.82±0.12 for LINERs and Seyferts, 
respectively, or 0.78±0.09 for "pure" AGN. Although be- 
ing larger than in normal galaxies (0.61±0.16), these val- 
ues are similar to or lower than the mean value of the 
entire sample (0.81±0.06). This may be caused by the 
fact that AGN activity is spatially too much confined for 
the currently achieved angular resolution. 

On the other hand, starbursts and (U)LIRGs do show 
higher average R31 ratios (0.89±0.11 and 0.96±0.14, re- 
spectively). Among the 18 galaxies with R31 in excess 
of unity, 14 belong to starbursts. This indicates that the 
presence of a nuclear starburst is a major reason for a 
high, beam averaged R31 value. 

6) Bars - Bars are expected to enhance the gas flow 
toward the center of galaxies, building up the nuclear 
gas reservoir to maintain nuclear activity and affect- 
ing the molecular gas excitation. We find that R31 is 
higher in barred SB and SAB galaxies (0.88 ± 0.15 and 
0.80 ± 0.11, respectively) than in non-barred SA galax- 
ies (0.62 ± 0.10). This and the fact that there are no 
SB galaxies and only three SAB galaxies among our 11 
CO (3-2) non-detections, indicates that the presence of 
bars can not only enhance the CO gas excitation, but is 
also increasing the central molecular gas reservoir. 

7) The merging sequence - Most of the galaxies in 
the merging sequence sub-sample have no corresponding 
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IRAM CO(l-O) data. However, in one of the interme- 
diate mergers, the Antennae, we do not see a significant 
enhancement of CO(3-2), with R31 being 0.7, 0.3 and 0.8 
for NGC 4038, NGC 4039 and the overlap region, while 
the mean ratio of the "late" mergers NGC 1614, Mrk 231, 
Arp 220, and IRAS 1720 8-0014 is 1.0±0.2 This is con- 
sistent with the result of iLeech et al.l ()2010[ ) who find a 
weak correlation based on CO(3-2) data from the JCMT. 

In summary, while there is significant dispersion be- 
tween individual objects of a given type, targets host- 
ing an AGN may show higher R31 values than "normal" 
galaxies, while R31 ratios are highest in starburst and 
barred galaxies. Surprisingly, significant correlations of 
i?3i with other galaxy properties are not found. 

5.2. FIR-to-CO luminosity correlations and star 
formation laws 

The FIR luminosity (as a measure of the SFR in galax- 
ies) is correlated with the CO luminosity (a measure of 
the total molecular content). Based on the scaling re- 
lation SFR oc ng as , this can be expressed in terms of 
the so-called Kennicutt-Schmi dt law (hereafter KS law; 
lSchmidtlll95llKennicuttlll998l ). which connects the SFR 
per area with the total gas surface density, i.e. Ssfr ~ 
^gL> with N = 1.4±0.15. The empirical evaluation of 
the molecular KS law is, however, tracer-dependent, and 
molecular line tracers with different critical densities may 
give different correlations with sub-linear (s<l), linear 
(.s=l), or super-linea r (s>l) co r relati o n indices, which 
differ fr om 7V (e.g. | Kennicuttl 119981: iGao &: Solomon! 
I2004allbl ; iBaan et alj|2008l; iBussmann et al.ll2008t ). 

Recent models to interpret th e various observed corre- 
lation indices in a unifo r m wa y ()Krumholz fe Thompson] 
l2007t iNaravanan et al.l I2008D assume that s depends 
on the cloud's gas mass above the critical density of 
the observed molecular transition. The super-linear 
SFR-Lcci(i-o) correlation is caused by the fact that 
the gas density is on average higher than the CO (1-0) 
line's critical density, thermalizing most of the CO(l- 
0) emission. The sub-linear SFR-L H c N ( 3 _ 2 ) correlation 
(|Bussmann et a l. 2008) is a result of a small fraction of 
thermal emission as the critical density of the HCN J—3- 
2 transition is high (n(H2) ~ 10 7 cm -3 ). Observational 
support for such models is, however, still fragile given 
the large uncertainties in (sub)millimeter molecular line 
calibration (§A.l and A. 2) and additional problems men- 
tioned below. In the following, we will first address some 
of these problems and will then derive the corresponding 
correlations from our data. 

5.2.1. Possible problems in the correlation analysis 

For pointed CO observations, as in our case, a direct 
power law correlation of the nuclear CO luminosity with 
the global FIR luminosity could be misleading because 
these two quantities refer to different spatial scales. To 
evade such a situation, one should ideally obtain ex- 
tended CO maps to measure the entire molecular gas 
content for a large sample of galaxies with various Hub- 
ble types and FIR luminosity ranges. Full maps of such 
a large sample of galaxies in CO(3-2) are, however, not 
y et available . 

lYao et aT] ([2003D employed an alternative way in scal- 
ing down the total FIR luminosity as obtained by the 



IRAS data to the volume marked by the angular size of 
the CO observations. The scaling factor is determined 
by the peak-to-total flux density ratio derived from the 
corresponding 850 /im submillimeter continuum images. 
The basic assumption for such a technique to be appli- 
cable is that the FIR brightness distribution is similar 
to that of the 850 /im submillimeter continuum. This is, 
however, most likely not the case since the FIR emission 
measured by the IRAS satellite is only sensitive to warm 
dust (Tdust^ 30 K), while the submillimeter continuum 
also traces dust at cooler color temperatures. In most 
galaxies, this cooler component dominates. Therefore, 
the FIR emission is expected to be much more centrally 
concentrated than the submillimeter emission, especially 
in the case of nuclear starbursts. Indeed, even the 200 /im 
continuum emission has already sho wn significant cold 
dust at large galact ocentric radii (e.g,. IAlton et al.lll998t 
Kramer et al.il2010f ). 

Another important aspect is the linear regression fit 
itself. Published correlation studies sometimes use Lco~ 
Lfir and sometimes Lfir-£co ■ Caution has to be exer- 
cised, however, in comparing these two approaches. Sim- 
ply taking an inverse slope (i.e., 1/s instead of s) is not 
appropriate because the standard linear regression fit as- 
sumes that X values are exactly correct, and that errors 
or variability only affect the Y values. Hence the regres- 
sion of X on Y is different from the regression of Y on 
X . To determine the line dependent parameter s in anal- 
ogy to N (§5.2), line luminosities and FIR luminosities 
must be plotted along the x- and y-axes, respectively. 
Standard regression fi ts from fig ures with inverted axes 
(as, e.g., displayed bv lYao et aLll2003HBaan et alj|2008ft 
cannot be used. There is, however, a way to account 
for errors along both axes. For this, the publicly avail- 
able M onte Carlo Markov Chain fitting packages of lKellvl 
(|2007| ) have been developed. 

5.2.2. The FIR-to-CO correlation 

In Fig. [6l we present the correlation between the nu- 
clear CO line luminosity and the global FIR luminosity 
^fir- We performed the fit in both ways, w ith and with- 
out the method introduced bv iKellvl (|2007h . considering 
uncertainties along both axes in the latter case. However, 
slopes derived with the Kelly packages are (within a per- 
cent) the same as those obtained with the unweighted 
linear regression fits. This is perhaps due to the large 
number and small intrinsic scatter of our data along both 
axes in the log-log plots. In the following we will there- 
fore use the unweighted linear regression fits. 

Intriguingly, both nuclear CO(3-2) and CO(1-0) line 
luminosities are tightly correlated to the global FIR lu- 
minosity, and our unweighted linear regression fits re- 
sult in almost identical slopes slightly below unity, s = 
0.87 ± 0.03 and 0.87 ± 0.05 for CO(3-2) and CO(1-0), 
respectively. To account for the fitting problems when 
exchanging CO and FIR luminosities (§ 15.2. we note 
that the unweighted linear regression fit for Lqo-Lfir 
results in slopes of 0.96 ± 0.04 and 0.94 ± 0.06 for the 
CO(3-2) and CO(1-0) luminosities. Both slopes related 
to CO(3-2) are smaller than unity, and are not simply 
reciprocal values. 

To avoid a bias by a single discrete data point, IC 10, 
with its by far lowest £co(3-21 an d -^fir values, is not 
included in the fits of Fig.jSj Fits including IC 10 give, 
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however, similar slopes of 0.88±0.03 and 0.86±0.04 for 
CO(3-2) and (1-0), respectively. A fit is also performed 
replacing four questionable CO (3-2) intensities by the 
corresponding peak intensities obtained from maps (see 
the discussion of the mapped sources in §A.l). The new 
fit gives the same slope, s = 0.87 ± 0.04. This is not 
unexpected because the number of these galaxies is small 
with respect to that of the entire sample. 

Our slopes are consistent with that derived from 14 
lo cal (U)LIRGs (llono et al J 120091) but differ from those 
of lYao et~ al. (2003]), who obtained Lco(y 

-axis)--Zjpjj^(x- 

axis) slopes with scaled FIR luminosities (§5.2.1) well 
below unity (0.70 and 0.58 for CO(3-2) and (1-0), re- 
spectively; see also their Fig. 2). However, using instead 
the uncorrected FIR luminosities, the slopes become 1.00 
and 0.94, respectively, very close to our results. 

5.2.3. On the angular size dependence of the correlation 

Instead of following I Yao et all (|2003l ) and scaling down 
the FIR fluxes to the area of the CO observations, we can 
also test our results by defining different D 25 ranges, as- 
suming that galaxies with similar optical angular sizes 
have similar central (22") to total integrated CO in- 
tensity ratios. This assumption is based on the fact 
that the diameter of the CO(l-0)-emitting region Dqo 
is found to be correl ated with the optic al diameter D 25 
as Dco/D 25 « 0.5 (lYoung et al. l fl995h . The CO (3-2) 
emission may be more centrally conc entrated than the 
CO(1-0) emission (jDumke et al.ll200l but may follow a 
similar relation. In Fig.[7]we compare correlations of CO- 
to-FIR luminosities with our CO(3-2) data (panel a)) as 
well as the CO (1-0) data from the IRAM-30m telescope 
(panel b)) and from the FCRAO-14m/NRAO-12m an- 
tennas (panel c)) dividing our sample galaxies into three 
groups: 1) D 25 < 2' (filled circles), 2) 2' < D 25 < 4' 
(empty triangles) and 3) 4' < D 2 $ < 18' (crosses). Cor- 
responding slopes (s) and correlation coefficients (r) of 
linear regression fits are also given. For a constant 
Dco/D 2 5 ratio the resulting slopes should be close to 
the case of FIR and CO emission arising from the same 
region. 

The three groups of galaxies show different correla- 
tions, irrespective of the CO transition studied. The 
compact galaxies show slopes of order 1.0-1.1, the inter- 
mediate sample is characterized by s ~ 0.8-0.9, and the 
extended sources have slopes of 0.6-0.7, all with uncer- 
tainties in the range 0.05-0.10. For galaxies in the first 
group, which includes most of the (U)LIRGs and some 
other galaxies at large distance, most of the CO emis- 
sion is expected to be covered by the observing beam. 
For galaxies in the second and third group, the CO (3- 
2) emission should be somewhat or much more extended 
but within a given group the scaling factor of the total- 
to-central (22") integrated intensities is expected to be 
similar. 

In summary, and without having to assume equal spa- 
tial distributions of the CO(3-2) and (1-0) emission, 
we obtain rising slopes s with increasing compactness 
of the observed targets. This can be interpreted in 
terms of the relationship between molecular line emis- 
sion and gas density, anchored by the underlying KS law 
(IGao fc Solomonl 120041* IKrumholz fc Thompson! [20071 
iNaravanan et al.l 120081 : iBussmann et al.l 120081 ) as out- 
lined in §5.2. The distant more compact galaxies, many 



of them (U)LIRGs, possess in the average denser gas 
than the more nearby targets, so that their emission is 
more thermalized, yielding a higher slope. Nevertheless, 
the roughly linear or sublinear correlations are indica- 
tive of a significant fraction of molecular gas with den- 
sities lower than the critical density of the tracer used. 
This is comprehensible in the case of CO (3-2) with its 
high critical density of ~10 5 cm~ 3 , as the bulk of the 
nuclear CO emission should arise from a more diffuse 
medi u m (n(H 2 ) ~ 10 3 ~ 4 cm" 3 ; e.g.. iMauersberger et al.l 
119991: iMao et all [20000 . It is, however, difficult to in- 
terpret the correlation in the same way with CO (1-0) 
because the density of the bulk of the nuclear molec- 
ular gas may not be lower than ~10 3 5 cm -3 . Clearly, 
this deserves further study. More beam matching CO(l- 
0) data, more maps providing a measure of the entire 
CO(3-2) emission of a galaxy, data from more than two 
CO transitions, and infrared data of high angular reso- 
lution would thus be helpful. 

6. CONCLUSIONS 

1. CO (3-2) spectra from the central region of a sample 
of 125 galaxies are presented. With an angular resolu- 
tion of 22", CO(3-2) emission is detected in 114 targets. 
Our survey significantly increases the number of avail- 
able CO(3-2) data from galaxies and provides a reliable 
data base for future surveys with higher angular resolu- 
tion, establishing a bridge to the high J lines observed 
toward redshifted targets. 

2. The CO(3-2)/(l-0) integrated line intensity ratio 
i?3i varies widely from 0.2 to 1.9. The line ratio ap- 
pears to be independent of galaxy properties such as 
Hubble type and FIR luminosity and only shows tenta- 
tive, not significant correlations with 60/im/100/im dust 
color temperature and inclination angle. 

3. To be consistent with common designations but 
to use at the same time a clear definition, we have 
specified the term "starburst galaxy" by the condition 
log[(L F iR/L0)/(£>! 5 /kpc 2 )] > 7.25. 77 of our sample 
galaxies show this property, which is a measure of star 
formation activity per surface area. 

4. The average R31 ratios are found to be larger 
in galaxies with nuclear activity (AGN and starbursts) 
or with bars than in those without. Apparently, these 
are the galaxies showing enhanced molecular excitation. 
Most galaxies with a line ratio of R31 > 1 are starbursts. 
(U)LIRGs have the highest average R31 value, which may 
be caused by particularly vigorous activity triggered by 
galaxy interaction and merging. 

5. The nuclear CO luminosities show a slightly sub- 
linear correlation with the global FIR luminosity in both 
the CO(3-2) and the (1-0) lines. Subdividing our sam- 
ple into several bins with different angular sizes to com- 
pensate for the different size of the regions from where 
CO and FIR emission have been measured reveals signif- 
icant differences. Compact and thus mostly distant lu- 
minous galaxies show the largest slopes, possibly a con- 
sequence of relatively high overall molecular densities, 
yielding larger fractions of thermalized gas. A similar 
trend for CO (1-0) is more difficult to explain, because 
this would require densities below 10 3 ' 5 cm -3 . 
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APPENDIX 

A.l. COMPARISON OF CO (3-2) SPECTRA TAKEN 
WITH THE SAME ANGULAR RESOLUTION 

1) A comparison of 22 gala xies with the data by 
IMauersberger et all ((19991 HHT-M99) shows good 
agreement within the errors. Eight sources were 
re-observed at different positions, four of them at 
positions displaced by more than 10" (NGC 3627, 
NGC 3628, NGC 6946, and NGC 7541), with the 
new data showing more symmetric profiles and 
stronger intensities. The significant difference in 
observed line shapes toward NGC 2146 is likely due 
to a position offset of 6", and th e flat-topped pro- 
file of Maucrsbcrg er et all ((19991 ) looks more like a 
line from the center of the galaxy than our sharply 
peaked profile. For most of the other galaxies 
(NGC 3227, NGC 3351, NGC 3368, NGC 4414, 
NGC 4818), our new data show higher quality pro- 
files although the integrated intensities are quite 
consistent. 

2) iDumke et all (|2001l HHT-D01) presented extended 
CO(3-2) maps toward nine of our sample galaxies 
where we can check the pointing by comparing our 
line profile with their individual spec tra. For Maf- 
fei 2, M 82, M 51, and NGC 6946, IDumke et all 
((2001D present spectra, which are consistent with 
ours with respect to both lineshape and intensity. 
For NGC 3628 and M 83, our profiles and intensi- 
ties resemble theirs at the (10",0") and (-10",0") 
offsets, respectively, where the line intensities are 
about 30% weaker than the peak intensities at their 
(0",0") positions. Relatively large discrepancies ex- 
ist for three sources. Th e line shape of NGC 4631 
resembles that given by IDumke et all pOOl but 
their intensity is about twice as high. The other 
two are observed at positions slightly different from 
the nominal position used by IDumke et al.l (|2001[) . 
Our position of NGC 891 corresponds to their (- 
6", -7") offset position, where their integrated in- 
tensity of about 50 K km s~ is tripling our value 
(17.3 Kkms -1 ). The positio n we observed for 
NGC 2146 is 5" east of their reference position, but 
our spectrum looks more like theirs at the (10",- 
10") offset position. At this position, their inten- 
sity is a bout twice as strong as ou rs. The spec- 
trum by_^auerebcrgcr et ah ( 1999) is consistent 
with lDumke et al.1 (|2001[ ) with respect to both line 
shape and intensity, although the nominal positions 
differ by about 10". Our observations of all these 
three source seem to suffer from large calibration 
errors, and NGC 2146 may suffer from an addi- 
tional pointing error. 



3) IVila-Vilaro et al.l ((20031 HHT-V02) covered five 
early type galaxies of our sample, with NGC 404 
and NGC 4691 being slightly stronger (by 25% and 
5%, respectively than our spectra. NGC 855 and 
NGC 5666 are non-detections in both data sets 
(NGC 5666 was a tentative detection in their pa- 
per). Our spectrum of NGC 3593 looks more like 
that of their (10", 0") position which gives an in- 
tensity twice as strong as ours. 

4) iNaravanan et al.l (|2005l HHT-N05) observed three 
of our sample galaxies. While their integrated in- 
tensities for NGC 3079 and Arp 220 are about twice 
as large as our values, IRAS 17208-0014 shows less 
than half of the strength we got. A detailed check 
is not possible, however, since their given positions 
(their Table 1) are erroneous. 

5) For the six comm on sources also observed by 
IBavet et al.1 ((20061 CSO-B06) with the CSO-lOm 
telescope, we find consistent results for NGC 3079, 
NGC 6946 and the Antennae system. Our intensi- 
ties of Mrk 231, M83, and Arp 220 are, however, 
all about twice as large as theirs. Their CO (3-2) 
spectrum of NGC 4736 looks more symmetric than 
ours and has an intensity, which is 40% higher. 

6) Am ong the five c ommo n sources also observed 
by IKomugi et all ((20071 ASTE-K07) with the 
ASTE-lOm telescope, four galaxies (NGC 1068, 
NGC 1084, NGC 1087 and NGC 7479) were ob- 
served at similar (offsets <6") positions and show 
quite consistent results. The large discrepancy in 
the case of NGC 157 is due to a position offset of 
about one telescope beam (22"). Our spectra show 
generally better baselines thanks to the backend, 
which is twice as wide as theirs. 

To evaluate consistencies on a quantitative basis, we 
define a relative intensity deviation as log(/'/io)i where 
/' is the integrated CO(3-2) intensity obtained from the 
literature and Iq is from this work. Figure [5] shows the 
relative intensity deviations for galaxies with CO (3-2) 
data available in the articles mentioned above. About 
80% of the data points, excluding those observed at nom- 
inal position offsets > 5" (open squares in Fig. [3]), are 
falling into the ±0.3 dex deviation limits. 

A.2. COMPARISON OF CO(3-2) SPECTRA TAKEN 
WITH DIFFERENT ANGULAR RESOLUTION 

Comparisons with observations at different angular 
resolution are not straightforward and need to be treated 
with utmost caution, since the molecular gas is rarely 
smoothly distributed in galaxies, and any simple scaling 
could easily become artificial. For the galaxies with more 
or less known structure, comparisons of line profiles and 
intensities can, however, still be helpful to check consis- 
tency. 

In Fig. IH1 we compare our results with published 
CO (3-2) data ta ken with the JC MT-15m telesc o pe by 
lYao et al.1 (120031 JCMT-Y03) and IWilson et al.l (120081 
JCMT-W08). Two straight lines denote the theoreti- 
cal relationship of intensities obtained with the JCMT 
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and HHT assuming point-like (dashed) and uniformly- 
extended (dotted) structures with respect to the observ- 
ing beams. Most of the sources are located between 
these two lines, as expected in case of well calibrated 
intensities. In general, the JCMT-15m CO(3-2) data 
tend to yield higher intensities, as expected, given their 
higher angular resolu tion. This also holds for M 83 
(IMuraoka et all [2009^ and NGC 3521 and NGC 3627 
(IWarren et aTf feoiOl. with the former two galaxies re- 
vealing integrated CO (3-2) intensity compatible with our 
values, while their CO (3-2) emission peak toward the 
latter is stronger by a factor of 2.5. 

Tow ard the interacting Arp 302 N/S system. lYao et al.l 
( 2003) observed a position in between the pair of nuclei, 
where the CO emission is weak and where we only ob- 



tained an upper limit (indicated by the arrow pointing 
towards the left). This refers to "Arp 302 center" in 
Tables [1] and [3] We also observed this system at the 
positions of its two nuclei (i.e., Arp 302 N/S), where 
emission is stronger. Sources, where JCMT CO (3-2) 
intensities were derived from maps, are labeled by ar- 
rows pointing downwards. Our CO (3-2) in tensity of 
NGC 3690 (or Arp 299 in I Wilson et "all I2008T) is a sum 
of NGC 3690 A and B. Differences between the JCMT 
and our HHT integrated intensities are most pronounced 
toward Mrk 848 and NGC 5258. While in the case of 
Mrk 848 this may be due to differences in calibration, 
the results from NGC 52 58 may be caused by an unusual 
gas morphology (see also lWilson et al.ll2008|h 
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.2 


29.9 




-1. 


2 


S0.3 HII/LINER 


105 


NGC 5907 


15 


15 


52 


.9 


+56 


19 


33 


667 


9.1 


12.77 


87 


20 


.9 


9 


.5 


27.8 


N 


5 


.4 


SA(s)c: sp HII: 


106 


Mrk 848 


15 


18 


05 


.9 


+42 


44 


53 


12049 


163.7 


0.9 


90 


20 


.4 


11 


.8 


44.7 


L 


-1. 


.7 


SO? pec HII 


107 


NGC 5953 


15 


34 


32 


.3 


+ 15 


11 


42 


1965 


26.9 


1.6 


44 


-19 


.6 


10 


.3 


37.4 


S 





.2 


SAa: poc;LINER;Sy2 


108 


Arp 220 


15 


34 


57. 


2 


+23 


30 


12 


5434 


74.2 


1.5 


57 


-21 


.0 


12 


.1 


44.7 


U 


8 


.4 


S?;LINER;HII Sy2 


109 


NGC 6240 


16 


52 


58. 


.8 


+02 


24 


04 


7339 


100.0 


2.1 


82 


-21 


.5 


11 


.7 


43.9 


L 


0. 


2 


10: pec;LINER Sy2 


110 


17208-0014 


17 


23 


22 


.3 


-00 


17 


02 


12834 


174.3 


0.4 


50 


-20 


.2 


12 


.4 


44.5 


U 


3 


.8 


Sbrst HII 


111 


Arp 293 p 


16 


58 


30 


6 


+58 


56 


19 


5600 


76.4 










11 


.2 


32.4 


L 






GPair 


112 


NGC 6524 


17 


59 


14 


9 


+45 


53 


17 


5698 


77.8 


1.3 


69 


-20 


.9 


10 


.8 


34. 4 C 


S 


-2. 


.8 


SO: 


113 


NGC 6670B P 


18 


33 


34 


.1 


+59 


53 


21 


8428 


114.8 






-20 


.1 


11 


.5 


38.4 


L 


-1. 


.1 


HII 




NGC 6670 p 


18 


33 


35. 


.1 


+59 


53 


21 


8650 


117.8 


1 


78 






11 


.5 


38.4 




-1. 


.1 


TRP SYS 


114 


NGC 6670A P 


18 


33 


37. 


.7 


+59 


53 


22 


8719 


118.7 










11 


.5 


38.4 


L 


-1. 


.1 


S HII 


115 


NGC 6814 


19 


42 


40 


.6 


-10 


19 


24 


1563 


21.4 


3 


86 


21 


.3 


10 


.0 


30.5 


S 


4 


.0 


SAB(rs)bc Syl. 5 


116 


NGC 6946 


20 


34 


51. 


9 


+60 


09 


15 


48 


5.5° 


11.5 


31 


-20 


.8 


9 


.7 


33.7 




5 


.9 


SAB(rs)cd;Sy2 HII 


117 


NGC 7013 


21 


03 


33 


.1 


+29 


53 


47 


779 


10.7 


4 


90 


-19 


.5 


8 


.9 


28. 9 C 







.5 


SA(r)0/a LINER 


118 


NGC 7077 


21 


29 


59. 


6 


+02 


24 


51 


1152 


15.8 


0.8 


79 


-16 


.8 


8 


.5 


29.5 C 


S 


-3 


9 


BCD/E HII 


119 


NGC 7217 


22 


07 


52. 


2 


+31 


21 


35 


952 


13.0 


3.9 


36 


20 


.4 


9 


.6 


29.3 




2 


.5 


(R)SA(r)ab;Sy LINER 


120 


NGC 7331 


22 


37 


03 


.5 


+34 


24 


43 


816 


15.1° 


10.5 


75 


21 


.5 


10 


.5 


32.7 




3 


.9 


SA(s)b LINER 




NGC 7331A 


22 


37 


05 


.1 


+34 


24 


36 










21 


.5 














121 


NGC 7465 


23 


02 


00 


.8 


+ 15 


57 


56 


1968 


26.9 


1.2 


64 


-19 


.2 


10 


.0 


39.3 


s 


-1. 


9 


(R')SB(s)0 A A : Sy2 


122 


NGC 7469 


23 


03 


15 


6 


+08 


52 


26 


4892 


66.8 


1.5 


30 


21 


.7 


11 


.5 


41.8 


L 


1 


.1 


(R')SAB(rs)a Syl.2 


123 


NGC 7479 


23 


04 


56 


.7 


+ 12 


19 


23 


2381 


32.6 


4.1 


36 


21 


.(> 


10 


.6 


36.6 


s 


4 


3 


SB(s)c;LINER Sy2 


124 


NGC 7541 


23 


14 


43. 


.7 


+04 


32 


02 


2689 


31.3° 


3.5 


75 


-21 


.5 


10 


.7 


34.6 


s 


4 


.7 


SB(rs)bc: pec HII 


125 


NGC 7679 


23 


28 


46 


.8 


+03 


30 


41 


5138 


70.1 


1.3 


59 


21 


.2 


11 


.0 


39.8 


L 


-1. 


3 


SB0 pcc:;HII Syl LIRG 



The columns contain the following information: Col.(l); The sequence number of the specific source. Col. (2): Galaxy name: p : galaxy pair; v : Virgo cluster galaxy. 
Cols. (3) and (4): Right ascension (R.A.) and declination (DEC) in .12000.0 coordinates. Col. (5): Heliocentric velocity (u hc i) from NED. Col. (6): Galaxy proper distance 
calculated from u hcl using Hq = 73kms~ 1 Mpc -1 and adopting a flat cosmology with Cl M = 0.27 and Cl A = 0.73. a : recently measured distances drawn mostly from a 
crosslink in NED (c.f. NED ID for references). The distance to Virgo cluster galaxies is set to 16.5 Mpc {Mel et al"||2007l ). Col. (7): Optical diameter (-D 25 ) from NED. 
Col. (8): Galaxy inclination angle (i) from HyperLEDA. Col. (9): B-band absolute magnitude (Mg ) from HyperLEDA. Col. (10): FIR luminosity (Lpjp = L(40-400 jt*m)) 
calculated following the prescription of |Moshir et al.| |1992| ) (see Scc |2.2.U . b : calculated with infrared fluxes taken from fSuTace et alj l2004j) where the HIRES processing 
is adopted allowing for a deconvolution of close galaxy pairs. c : sources not included in the RBGS ganders et al .|f2u<T3T) ; Col. (11): Dust temperature C^dust) dcrivcd from 
the IRAS 60 /im/100 ^im color assuming an cmissivity that is proportional to the frequency v. Col. (12): Galaxy classification from this paper; N: normal; S: starburst; L: 
LIRG; U: ULIRG. All the rest arc "pure" AGN (see Scct. f2^2l . Col. (13): Galaxy type code from HyperLEDA. Col.(14): Galaxy classification from NED. 
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TABLE 2 

Galaxy classification of the sample 



LINER Scyfcrt Starburst LIRG ULIRG 



LINER 


45 


16 


20 


5 


2 


Seyfert 


16 


45 


27 


8 


3 


Starburst 


20 


27 


77 


24 


4 


LIRG 


5 


8 


24 


24 




ULIRG 


2 


3 


4 




4 



Note. — The diagonal gives the total number of sources 
of a specific class (e.g., there are 45 LINERs). Nondiagonal 
coefficients show the number of targets belonging to at least 
two specific classes (e.g., there are 20 galaxies which have been 
classified both as LINERS and as starburst galaxies). For de- 
tails of the classification, sec §2.2.2. 



An cxtragalactic CO (3-2) survey 

TABLE 3 Observed Quantities of the HHT cxtragalactic CO J — 3-2 survey 
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No. 


SOURCE 


1 32 




V32 




Al?32 




log Z-C032 


log Lcoio 


R3I 


Rof. 






(K km s 


- 1 ) 


(km s _1 ) 


(km s _1 ) 


(mK) 


(K km s _1 pc 2 ) 


(K km s _1 pc 2 ) 






(!) 


(2) 


(3) 




(4) 




(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


1 


IC 10 


7. 1 ± 


3 


-330 ± 





14 it 1 


491 it 30 


A a 4- n no 


^1 4-- n 06 

. 1 Z1Z U.UU 


n q _|_ n nc 


get 


2 


NGC 1 57 


5.8 ± 


0.6* 


1733 




123 


43 it 10 


7 fi 4- n 05 


8.2 ± 0.17 


_|_ n 1 n 


3 a 


3 


NGC 404 


5.5 ± 


0.5 


-57 ± 


2 


37 ± 4 


140 it 22 


c _i_ n D4 


6.3 


0.4 


12 a 


4 




71.1 ± 


1.4 


843 it 


3 


290 it 6 


9Qn 4- 91 


8.1 ± 0.01 


c 9 4_ n ni 

O . Z 41 U.UI 


n 7 4- n 0.9 
U . 1 It u.uz 


3 a 


5 


TTT 7iW ^ 
111 Zj vv oo 


4.4 ± 


0.6* 


8176 




141 


22 it 6 


q q _i_ n n7 

O . O U.UI 


Q 4 
y.4 


< 2.0 


10 c 


g 


NGC S^t" 




2.0 






( 1 no ^ 


( 26 t 


< 6.4 


Q 


< 2.5 


20 a 


1 


Kfpp QQ1 

1NOO oyi 


1*7') 

1 1 .0 It 


i n 

l.U 


545 ± 


1 


oy it 


97/1 4- Art 
± 4U 


7 q 1 n 119 
1.0 zL U.Uz 


1 4_ n ni 
o.l ± u.uz 


9 4- Ol 
U.z It U.UI 





8 


NGC 972 


37.0 ± 


0.8 


1544 ± 


2 


225 it 5 


155 ± 13 


8.3 ± 0.01 


< 8.6 


< 2.1 


1 b 
1 


9 


JVIA^ b Il.1 2 


157.1 ± 


2.3 


-23 ± 


1 


163 it 3 


905 it 49 


7.2 ± 0.01 


7.0 it 0.01 


1.6 it 0.03 


8 a 


10 


INvj*^ 1UJJ 


19 6 i 


9 


959 it 


4 


175 it 10 


105 it 18 


7 7 _j_ Q Q2 


s n 4- n n.9 
. u zz u.uz 


A 4- O O 1 ? 
U.4 ZC U.UO 


3 a 


11 


NGC 1068 


116.0 ± 


1.4 


1158 it 


1 


228 it 3 


479 it 24 


8.6 ± 0.01 


8.8 it 0.01 


0.5 it 0.02 


3 a 


12 


NGC 1084 


14.9 ± 


0.7 


1360 it 


3 


144 ± 7 


98 ± 14 


7.9 ± 0.02 


8.2 ± 0.31 


0.5 it 0.34 


3 


13 


NGC 1087 


7.7 ± 


0.4 


1498 z\z 





82 ± 5 


88 ± 11 


7.6 ± 0.02 


7.9 it 0.03 


0.5 ± 0.04 


3 


14 


NGC 1275 


9.0 ± 


0.8 


5276 it 


12 


248 it 23 


34 ± 14 


8.8 ± 0.04 


8.5 


1.8 


22 a 


15 


NGC 1530 


30.0 ± 


1.1 


2417 it 


5 


86 it 9 


109 ± 34 


8.6 ± 0.05 


8.9 


0.6 


29 


16 


NGC 1569 


2.9 ± 


0.7 


—70 it 


5 


43 it 10 


64 ± 20 


5.2 ± 0.10 


5.0 ± 0.04 


1.5 ± 0.37 


30 


17 


NGC 1614 


71.1 ± 


5.9 


4729 it 


9 


221 ± 19 


303 ± 73 


9.6 ± 0.03 


9.4 ± 0.01 


1.6 ± 0.14 


5 a 


18 


NGC 1637 


4.9 ± 


0.3 


729 ± 


3 


91 it 6 


51 it 8 


7.0 ± 0.03 


7.4 ± 0.02 


0.4 ± 0.03 


3 


19 


NGC 2146 


66.9 ± 


1.5 


787 it 


1 


124 ± 3 


505 ± 36 


8.1 ± 0.01 


8.4 ± 0.01 


0.6 ± 0.02 


3 a,t 


20 


NGC 2559 


37.3 ± 


1.6 


1497 it 


3 


147 ± 8 


238 ± 33 


8.3 ± 0.02 


< 8.9 


< 1.2 


1 " 


21 







2.6 






( 400 ) 


1 17 "1 


< 7.1 


< 7.5 


< 1.8 


1 b 


22 


fjnr 9RS1 


■| - ■[ _j_ 


1.7 


680 it 


7 


137 it 14 


117 ± 40 


7 3 ± 04 


7.5 it 01 


fi 4- 06 

U . U It U.UU 


3 a 


23 


L\ Vj ( UQ 




1.5 






( 200 ) 


1 14 "l 
I 14 ) 


< 6 8 


6 6 


< 1 9 


20 a 


9/1 
Z4 


Arp 55 


1114- 
11.1 It 


U. / 


11907 




305 


014- 1 
01 It I 


y.o it u.uo 


< 10.0 


< 1.6 


1 b 
1 


25 


NGC 278z 


31.2 ± 


2.2 


2587 




272 


95 it 25 


8.7 ± 0.01 


< 8.7 


< 1.9 


1 b 
1 


26 


MP p no /I 1 


< 


A 9 






( 9nn A 
^ ZUU ) 


/ on \ 
\ 39 ) 


< 6.5 


6.8 


< 0.6 


3 


27 


in \j zyuo 


59.6 ± 


3.4* 


525 




143 


■^Qfl 4- fin 
oyu zc oy 


7 f\ 4- n m 


7 8 


6 


8 a 


28 


Arp 303 S 


18.6 ± 


1.2* 


6058 




379 


42 ± 12 


9.2 ± 0.02 








29 


Arp 303 N 


37.8 ± 


1.9* 


6144 




502 


62 ± 18 


9.5 it 0.03 








30 


NGC 2985 


8.0 ± 


1.3 


1226 it 


15 


183 it 38 


41 ± 17 


7.5 it 0.07 


7.7 it 0.01 


0.7 ± 0.19 


3 a 


31 


NGC 3032 


4.1 ± 


0.8 


1535 it 


1 1 


130 it 31 


30 ± 12 


7.4 it 0.08 


7.7 


0.4 


27 


32 


NGC 3034 


1056.0 ± 


6.3 


228 it 


1 


203 it 1 


4890 it 166 


8.0 it 0.00 


7.9 


1.4 


8 


33 


NGC 3079 


93.4 ± 


5.5* 


1 1 QO 

i iyu 




408 


178 ± 57 


8.4 ± 0.03 


8.8 it 0.01 


0.4 ± 0.03 


25 a 


34 


NGC 3077 


8.0 ± 


0.3 


7 ± 


1 


42 ± 2 


181 it 12 


6.2 ± 0.05 


6.0 it 0.03 


1.5 ± 0.10 


2 


35 


NGC 3110 


24.5 ± 


0.8 


5071 it 


5 


325 it 11 


71 ± 8 


9.2 ± 0.01 


(9.2, 9.8) 


(0.5, 1.6) 


13 b ' d 


36 


NGC 3166 


< 19.0 






( 300 ) 


( 141 ) 


< 7.9 


8.2 


0.5 


12 a 


37 


NGC 3169 


11.0 ± 


1.1* 


1 144 




259 


53 ± 15 


7.6 ± 0.05 


< 8.3 


< 0.4 


1 » 


38 


NGC 3147 


19.8 ± 


1.0 


2904 ± 


12 


466 it 28 


40 ± 8 


8.6 it 0.02 


8.5 


1.2 


29 a,t 


39 


NGC 3227 


18.1 ± 


1.0 


1154 ± 


7 


244 ± 16 


70 ± 12 


7.8 it 0.03 


8.2 ± 0.03 


0.3 ± 0.03 


3 


40 


HARD 2 


2.5 ± 


0.3 


1452 ± 


5 


86 it 9 


28 ± 8 


7.1 it 0.05 


7.5 it 0.03 


0.4 ± 0.05 


21 


41 


NGC 3310 


6.9 ± 


0.7 


1032 ± 


7 


135 it 13 


48 ± 15 


7.2 ± 0.04 


6.9 it 0.11 


1.9 it 0.52 


3 


42 


NGC 3351 


26.0 it 


1.4 


783 it 


6 


200 it 11 


122 ± 27 


7.6 it 0.02 


7.4 ± 0.05 


1.5 ± 0.19 


3 


43 


L\ Vj OOU 1 


7.5 ± 


1.1 


3044 ± 


6 


86 it 15 


82 it 22 


9 -L- n no 

O.Z 41 U.UO 


> 8 6 


> 2 


13 d 


44 


1 1 Vj oouo 


24.6 ± 


1.0 


885 it 


4 


194 it 10 


119 it 19 


7 6 4- 09 
1 . U It u . uz 


7 8 it 01 


7 4-0 04 

U. 1 It U.UTfc 


3 a 


45 


Mpp Qcni 


14.5 ± 


1.4 


746 ± 


9 


178 it 19 


76 it 20 


T A 4_ n n A 
1.4 it 0.04 


(7.1, 8.2) 


<u.6 >u.y 


t b nod 
1 ,ZO 


46 


Alp p o r- p- /? 


14.4 ± 


1.8 


693 it 


5 


94 it 17 


143 it 31 


7.z ± 0.06 


(7.U, 7.9) 


(0.9, 1.0) 


l b ,31 d 


47 


Mpp ocoQ 


17.3 ± 


1.2* 


643 




128 


99 it 17 


*7 9 4- n 111 

i.z it O.Oz 


7.8 


0.3 


12 


48 


Mpp Qcn-r 


33.4 ± 


1.3 


717 it 


4 


211 it 9 


149 it 25 


*7 c 4- n ni 
1.8 it O.Oz 


8.1 


0.6 


3 




MPP Qco7 A 
IN ooA I A 


21.9 ± 


0.9 


673 it 


3 


142 it 8 


145 it 19 


1 1 4- n ni 
l.l ± O.Oz 


8 


0.5 


16 a 


A Q 
4U 


Mpp qeno 


140.7 ± 


1.4 


870 it 


1 


01 a 4- 9 
Z14 It z 


mo 4. oc; 

Dlo It ZO 


Q A 4- n nn 
o.4 It U.UU 


4_ n n9 
O.O It U.UZ 


1 1 4- Of^ 
1.1 It U.UO 


a 
O 


ou 


MPP "->K/19 


7.4 ± 


1.0 


1544 ± 


19 


oqr 4_ qq 

zoo it oy 


9Q 4-19 
zy It 1Z 


7 p. 4- n nfi 

1.0 ZE U.UO 








^ 1 

1 


Mpp 9C09 


12.2 ± 


1.6 


1584 ± 16 


9/in 4- "ZK 

It 00 


A 4_ 1 a 

48 Z£Z ID 


7 « 4- n nfi 
1 .0 It u.uo 


<s 1 .0 


^ 1 7 


12 e 


52 


NGC 3690A 


36.4 ± 


2.4 


3155 it 


3 


125 ± 12 


273 it 46 


8.9 it 0.03 


8.8 


1.2 


18 a 


53 


NGC 3690B 


48.7 it 


1.9 


3102 ± 


5 


239 it 10 


191 it 33 


9.1 it 0.02 


8.9 


1.6 


18 a 


54 


NGC 3810 


20.5 ± 


1.6 


960 it 


6 


145 it 13 


133 ± 24 


7.7 ± 0.06 


7.5 it 0.03 


1.7 ± 0.18 


3 a 


55 


NGC 3982 


6.7 ± 


0.7 


1185 it 


3 


61 it 9 


104 ± 16 


7.6 ± 0.04 


> 7.7 


> 0.4 


11 d 


56 


IC 750 


37.4 ± 


2.2 


691 it 


6 


205 it 14 


172 ± 41 


7.6 it 0.03 


7.8 it 0.03 


0.6 ± 0.06 


3 


57 


NGC 4038 


44.0 ± 


1.0 


1640 ± 


1 


87 it 2 


473 ± 19 


8.4 ± 0.03 


8.6 it 0.06 


0.7 ± 0.03 


17 a 




NGC 4038/9 


82.6 ± 


2.3* 


1515 




166 


494 ± 25 


8.7 ± 0.02 


8.8 it 0.01 


0.8 ± 0.02 


17 


58 


NGC 4039 


15.2 ± 


1.9* 


1657 




100 


133 ± 30 


8.0 ± 0.04 


8.5 it 0.09 


0.3 ± 0.04 


17 


59 


NGC 4102 


49.0 ± 


3.4* 


823 




220 


172 ± 39 


7.9 it 0.02 


8.2 


0.6 


8 a 


60 


NGC 4138 


< 


5.3 






f 400 ) 


( 34 ) 


< 7.0 


< 7.1 


< 3.2 


1 b 


61 


WPP 41 Q9 


7.0 ± 


1.4 


-191 it 


6 


71 it 19 


93 it 14 


7.4 it 0.09 


(7.3, 8.1) 


^U . U , U . O ) 


14 b ,26 c 


62 


IN VJ 4:Z 


24.0 ± 


1.7* 


2434 




140 


147 it 20 


7 n 4- n no 
1 . y ZLL u.uo 


(7 9 8 4) 


(0 5 12) 


14 b 23 c 


63 


NGC 4258 


64.4 ± 


1.1 


407 it 


3 


311 it 6 


195 it 17 


7.8 it 0.01 


7.8 


0.9 


20 


64 


NGC 4293 


20.4 ± 


0.5 


933 it 


2 


159 it 4 


121 ± 11 


7.9 it 0.01 


8.4 


0.3 


12 a 


65 


NGC 4303 


33.7 ifc 


3.2 


1575 it 


6 


127 it 13 


250 ± 52 


8.1 ± 0.04 


(8.1, 8.7) 


(0.5, 1.6) 


14 b ,23 c 


66 


NGC 4314 


37.6 ± 


3.0* 


1049 




187 


159 ± 53 


7.9 it 0.03 


7.7 it 0.01 


1.6 ± 0.12 


3 


67 


NGC 4321 


56.9 it 


4.2 


1590 it 


7 


177 it 14 


302 ± 84 


8.3 it 0.03 


8.4 ± 0.00 


0.7 ± 0.05 


3 


68 


NGC 4369 


8.2 ± 


0.6 


1035 it 


2 


62 ± 5 


124 ± 18 


7.3 ± 0.03 


7.8 


0.4 


12 


69 


NGC 4395 


< 


2.8 






( 400 ) 


( 18 ) 


< 5.8 








70 


NGC 4414 


31.2 ± 


0.6 


740 ± 


3 


312 ± 7 


94 ± 9 


8.3 it 0.01 


8.5 it 0.03 


0.5 ± 0.04 


3 a 


71 


NGC 4438 


< 11.3 






( 300 ) 


(84) 


< 7.6 


8.4 


< 0.2 


3 a 


72 


NGC 4457 


20.3 ± 0.7 


897 it 


3 


168 it 7 


114 ± 14 


7.9 it 0.02 


< 8.1 


< 2.4 


1 » 


73 


NGC 4490 


24.4 ± 3.7 


669 it 32 


411 ± 68 


56 ± 28 


7.5 ± 0.07 


< 7.3 


< 2.1 


1 6 


74 


NGC 4527 


37.4 ± 5.3* 


1642 




179 


171 ± 48 


8.1 it 0.06 


< 8.6 


< 1.3 


l 6 ,31 d 



16 
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TABLE 3 (continued) 



No. 


SOURCE 


^32 




V32 




At?32 




log -£/C032 


log -Lcoio 


-R31 


Rcf. 






(K km s 




(km s" 1 ) 


(km s" 1 ) 


(mK) 


(K km s -1 pc 2 ) 


(K km s" 1 pc 2 ) 






(!) 


(2) 


(3) 




(41 

\*J 




(5) 


(6) 


(7) 


(8) 


(9) 


(10) 


75 


NGC 4565 


8.3 


± 


1.5 


1271 ± 


9 


91 ± 21 


86 ± 28 


7.5 ± 0.08 


7.6 ± 0.04 


0.7 ± 0.14 


3 " 


76 


NGC 4594 


6.8 


± 


0.8 


1086 ± 


17 


292 ± 41 


22 ± 8 


7.2 ± 0.05 


< 7.5 


0.9 


1 b 


77 


NGC 4631 


17.7 


± 


0.7 


638 ± 


1 


71 ± 3 


233 ± 22 


7.2 ± 0.02 


7.6 


0.4 


24 " 


78 


NGC 4639 






4.5 






( 400 ) 


( 29 ) 


< 7.0 


< 7.5 




14 6 


79 


NGC 4654 


18 9 


-|- 


1.4 


1053 ± 


4 


95 ± 7 


187 ± 40 


7.8 ± 0.03 


7.9 ± 0.02 


0.8 ± 0.07 


3 a 


80 


NGC 4666 


Tfi 7 
OD. / 


i 

± 


3.8 


1 A QS 4- 
1-t.JO It 


10 


242 ± 27 


142 ± 45 


8.3 ± 0.04 


(8.1, 8.8) 


(0.8, 1.2) 


l^.Sl^ 


81 




12.9 


± 


1 


1129 i 


1 


43 i 4 


9R9 4- 50 

iOi It JU 




(7.6, 7.8) 


(0 5 2 7) 


l fa 31 d 


82 


1NGG 4 / 1U 


18.7 


± 


2.5 


1125 




158 


90 i 27 


/.8 ± 0.05 


(7.8, 8.1) 


(0.5, 2.7) 


14 ,ol 


83 


NGC 4736 


21.3 


± 


2.0* 


279 




122 


133 ± 19 


6.8 ± 0.02 


7.0 it 0.04 


0.7 ± 0.09 


6 1 


84 


ivlrv.lv zol 


8.1 


± 


0.8 


12690 ± 


10 


215 i 24 


35 i 9 


n n _l_ A a A 

y.o ± 0.04 


y.y ± 0.0D 


n A _L nc 
0.4 it 0.06 


6,16 


85 


JNGG 4818 


42.4 


± 


1.1 


1055 ± 


2 


123 ± 4 


324 ± 26 


8.1 ± 0.01 


8.1 


1 


8 a 


86 


JNGG 482b 


86.8 


± 


5.2* 


430 




214 


340 ± 61 


7.8 ± 0.02 


(7.8, 8.1) 


(0.6, 2.0) 


l b ,23 d 


87 


JNGG 4941 


6.7 


± 


0.7 


1105 ± 


3 


56 ± 7 


113 ± 19 


7.3 ± 0.19 


> 6.7 


> 0.4 


11 




IN OUOO 


16.7 


± 


^ ^ 


879 i 


8 


94 n -t- 1 p. 
Z4U ztz ID 


DO It lo 


7 c J. n n - i 


1 .U It U.UO 


U.o It U.UO 


q a 



8!) 




25.8 


_r_ 
± 


3 5* 


• »><> 




190 


99 i 46 


7 5 ± 10 


g 


0.4 


8 a 


no 


TTGG 8335 


3 . 6 


i 

± 


0.6* 


9371 




154 


15 i 6 


q n _|_ n nc 


< 9.6 


< 1.2 


10 c 


91 


UGC 8335B 


8.0 


± 


1.2* 


yoo 1 




106 


32 ± 14 


9.2 ± 0.08 


< 9.7 


< 2.7 


10 c 


92 


Arp 193 


20.5 


i 

± 


1.7* 


oyo * 




240 


64 ± 14 


9.4 ± 0.04 


9.6 ± 0.09 


0.6 it 0.12 


9 a 


93 


O i- y^fc 


44.4 


± 


2 8 


422 ± 


2 


61 ± 5 


681 i 87 


7 c: 4. n nQ 


7 ^ -4- n 5 
1 . It u.uo 


1.0 i 0.13 


ga,t 


94 


M 83 


153.9 


± 


3 1 


519 ± 


1 


112 i 3 


1 9qn 4- 7r 

li3U It 1 U 


7 6 ± 01 


7.6 


1.1 it 0.06 


28 a 


95 


Mnp ^9^ n 

i'UVj JiOU 


5.7 


± 


9* 


8369 




278 


18 i 5 


9 4- 05 
y . u zli u.uo 


< 9 8 


< 1 2 


10 c 


96 




18.2 


± 


1.5 


6787 ± 


13 


312 ± 2y 


55 i 16 


n _L n n A 
y.3 ± 0.04 


> 9.3 


> 0.5 


13 


97 


NGC 5258 


27.0 


± 


1.1 


6806 ± 


8 


347 ± 16 


73 ± 12 


9.5 ± 0.02 


> 9.3 


> 0.7 


13 d 


98 


NGC 5273 




< 


0.9 






( 100 ) 


( 11 ) 


< 6.4 


> 6.4 




11 


99 


MRK 273 


20.1 


± 


0.7* 


11355 




471 


35 ± 6 


9.8 ± 0.02 


9.8 ± 0.02 


0.9 it 0.05 


5 a 


100 


NGC 5347 


12.0 


± 


1.4 


2382 ± 


4 


78 ± 10 


144 ± 28 


8.2 ± 0.08 


(7,7, 8.5) 


(1.7, 3.9) 


7 c ,ll d 


101 


NGC 5666 


9.2 


± 


1.8 


2321 ± 


29 


276 ± 51 


31 ± 17 


8.0 ± 0.08 


8.2 ± 0.02 


0.7 it 0.15 


20 


102 


Arp 302S 


8.5 


± 


1.5* 


9774 




232 


27 ± 11 


9.3 ± 0.07 


< 9.6 


< 3.4 


10 c 




Arp 302 center 




< 


4.9 






( 400 ) 


( 22 ) 


< 9.0 








103 


Arp 302N 


18.1 


± 


1.1* 


10281 




548 


21 ± 9 


9.6 ± 0.07 


< 10.4 


< 1.3 


10 c 


104 


NGC 5866 




< 


8.6 






( 200 ) 


( 78 ) 


< 7.0 


7.2 


< 0.6 


12 a 


105 


NGC 5907 


8.4 


± 


0.7 


663 ± 


3 


82 ± 9 


96 ± 19 


7.0 ± 0.04 


7.5 ± 0.02 


0.3 ± 0.03 


3 a 


106 


Mrk 848 


4.2 


± 


0.4 


12111 ± 


4 


88 ± 11 


44 ± 7 


9.1 ± 0.05 


9.4 


0.5 


19 a 


107 


NGC 5953 


21.5 


± 


2.2* 


2003 




147 


112 ± 40 


8.3 ± 0.04 


(8.4, 8.6) 


(0.5, 2.3) 


13 d 


108 


Arp 220 


58.5 


± 


1.9* 


5427 




379 


129 ± 8 


9.6 ± 0.02 


9.9 ± 0.04 


0.5 it 0.05 


7,15 " 


109 


NGC 6240 


74.9 


± 


2.2* 


7394 




355 


186 ± 21 


10.0 ± 0.01 


9.9 ± 0.09 


1.1 it 0.22 


15,4 a 


110 


17208-0014 


24.6 


± 


1.4 


12857 ± 


11 


386 ± 24 


60 ± 9 


10.0 ± 0.03 


9.9 ± 0.09 


1.2 ± 0.26 


15 a 


111 


Arp 293 


13.3 


± 


1.8* 


5431 




282 


56 ± 14 


9.0 ± 0.05 


< 9.5 


< 1.4 


1 6 


112 


NGC 6524 


6.6 


± 


1.1 


5659 ± 


10 


125 ± 24 


49 ± 14 


8.7 ± 0.07 








113 


NGC 6670B 


19.8 


± 


1.8* 


8618 




360 


58 ± 20 


9.5 ± 0.07 


< 9.9 


< 2.8 


10 c 




NGC 6670 


8.3 


i 

± 


0.7* 


8688 




268 


45 ± 19 


9.2 : 0.04 


< 10.2 


< 0.7 


10 c 


114 


IN vj DDlUrt 


16.2 


± 


1 K* 
1 . 


i \)£ 






97 4- s 

Z i It O 


y.o it u.uo 


^ Q S 

<. y.o 


^ O.O 


1 n c 

1U 




INVjO D014 


2.1 


± 


n 9 

u.z 


1557 i 


7 


1 in _i_ 10 

ny it 10 


17 X A 
1 i It <± 


7 1 4- n nfi 
1.1 It U.UD 


^1.0, 0. 1) 


t^U.O, U.OJ 


l b ll d 


1 1 6 




132.3 


± 


1 8 


60 ± 


1 


150 i 2 


Q97 _(- rrc 

OZ 1 It JU 


7.7 ± 0.01 


7 c -}_ n no 
l . O It u.uo 


Q 4- 07 
u . y it <j.<j 1 


6 a 


117 


NGC 7013 


10.5 


± 


0.8 


829 ± 


13 


352 ± 30 


28 ± 7 


7.2 ± 0.03 


7 


1.4 


12 " 


118 


NGC 7077 


0.8 


± 


0.2 


1015 ± 


16 


222 ± 31 


19 ± 7 


6.4 ± 0.06 


6.3 


1.1 it 0.38 


21 a 


119 


NGC 7217 


8.1 


± 


0.7 


924 ± 


12 


269 ± 25 


28 ± 8 


7.2 ± 0.04 


7.3 ± 0.02 


0.8 it 0.08 


3 a 


120 


NGC 7331 


7.2 


± 


0.6* 


884 




50 


74 ± 15 


7.3 ± 0.03 


8.0 ± 0.01 


0.2 ± 0.02 


3 a 




NGC 7331A 


12.6 


± 


1.0* 


903 




145 


86 ± 25 


7.6 ± 0.05 


8.0 ± 0.01 


0.3 it 0.03 


3 a 


121 


NGC 7465 


6.3 


± 


0.9 


1970 ± 


10 


127 ± 17 


47 ± 16 


7.8 ± 0.06 


< 8.2 


< 1.6 


1 b 


122 


NGC 7469 


35.2 


± 


1.3 


4949 ± 


5 


249 ± 10 


133 ± 22 


9.3 ± 0.02 


(8.8, 9.4) 


(1.5, 3.4) 


l b .ll d 


123 


NGC 7479 


20.1 


± 


1.3 


2381 ± 


8 


238 ± 19 


79 ± 15 


8.4 ± 0.03 


< 9.1 


< 1.6 


1 " 


124 


NGC 7541 


17.8 


± 


0.9 


2673 ± 


4 


144 ± 9 


116 ± 20 


8.3 ± 0.02 


8.5 


0.6 


8 + 


125 


NGC 7679 


17.2 


± 


1.4* 


5110 




285 


55 ± 29 


9.0 ± 0.05 


< 9.0 


(1.1, 2.4) 


12 " 



The columns contain the following information: Col. (1 ) : Sequence number. Col. (2) : Galaxy name. Cols. (3) — (6): The CO (3— 2) line intensity ( i 32 = J ■ LSR. 

velocity, width (FWHM) , and main beam brightness temperature, respectively, with corresponding standard errors from Gaussian fits or from moments in the case of 
non-Gaussian line shapes. Non-detections are listed with their rms noise level er (Col. (6) values in brackets) at a channel spacing of 5v ~ 6.6 km s . In these cases the full 
width of the CO(l-O) line (AVj^q, Col. (5) values in brackets) was estimated from spectra taken from the literature or was set to 400 kms — ^ ; corresponding upper limits 
for I 32 wcrc obtained using i 32 < 3er X (A V 10 X 5 u) 1 / 2 (Col. (3)). Col.(7): The CO(3-2) luminosity calculated with Eq.(l) (sec § 4.1) for a beam of O mb = 22 7/ . Col. (8): 

The CO(l— 0) luminosity calculated with an equation similar to that of ^CO(3 2) ^ or g a l ax i cs with IRAM-30m CO(l-O) data available in the literature (listed in Col(10)); 

otherwise cither upper or lower limits are given, depending on the telescope used for CO( 1—0) . Col. (9) : The CO (3— 2) / CO ( 1—0) line intensity ratio \ and its standard 
deviation for galaxies with IRAM-30m CO (1—0) data available in the literature (listed in Col(lO)); otherwise either upper or lower limits are given, depending on the 
telescope used for the CO(l-O) data. Col. (10): References for the CO(1-0) data: 1. I Young et~aT| 1199511 ; 2. lAlbrecht et al.l 120041) : 3 IBraine et all 119931 ,; 4. I Combes et al^ 
U^ll) ; 5. lOao & ijolomonj ^(KUbl ); 6. IHerin et all <200bJ ); 7. lUeckman et al.| <l9^9i) ; 8. IMauersberger et all Q^^); 9. iHadi'ord" et al.l <l99l|) ; 10. lijanders et"aT1 <1^^H ); 
11. |Vila-VSlar6 et al.| <l998l ); 12. IWiklino 1 h HenkaH J 15551) ; 13. |Vao et all <2005|) ; 14. IKenney et al.| |1555|) ; 15. |5olomon et al.| |1557| ') ; 16. IReuter etim U9961) ; 17. 

ISchulz et~an 120071 ') ; 18. ICasoli et~aTl < 15551) ; 19. IChini et "all jl992j) ; 20. IWiklind et al.| <1995| ); 21. |5age et aTl U592J) ; 22. IReuter et~aTl U993J) ; 23. INishiyama et alj 
120011) ; 24. IGolla &: Wielebins^l 11993) : 25. IHanda et~aT1 119901 ); 26. IKuno et "all 120071 ,; 27. ICombes et al.l 120071) ; 28. IBaan et all 120081 ) ; 29. ISolomon et al.l <1992|) ; 30. 

IGreve et"aT1 119961 ); 31. IKomugi et al.l 120081 ). Telescopes used arc a IRAM-30m; b FCRAO-14m; c NRAO-12m; d NRO-45m; e OSO-20m. t : The CO(l-O) data was taken 
at an offset position > 5" relative to our CO(3— 2) position. 
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TABLE 4 

2 CO(3-2)/(l-0) INTEGRATED LINE INTENSITY RATIOS. 



galaxy 






i?3i statistics 






type 


N 


mean" 


a c 


median 


min 


max 


(activity) 


normal 


7 


0.61 ± 0.16 


0.42 


0.44 


0.26 


1.51 


LINER a 


20 


0.65 ± 0.08 


0.36 


0.57 


0.19 


1.57 


Seyfcrt a 


12 


0.82 ± 0.12 


0.43 


0.75 


0.27 


1.79 


'pure' AGN b 


18 


0.78 ± 0.09 


0.37 


0.70 


0.19 


1.57 


starburst c 


25 


0.89 ± 0.11 


0.53 


0.71 


0.25 


1.93 


(U)LIRG 


10 


0.96 ± 0.14 


0.45 


0.99 


0.37 


1.63 


(bar) 


SA 


18 


0.62 ± 0.10 


0.41 


0.50 


0.19 


1.71 


SAB 


16 


0.80 ± 0.11 


0.44 


0.72 


0.25 


1.93 


SB 


12 


0.88 ± 0.15 


0.53 


0.67 


0.30 


1.63 


Total 


61 


0.81 ± 0.06 


0.46 


0.69 


0.19 


1.93 



Including starbursts but not (U)LIRG overlaps. 
' See S. |2.2.2| for details. 
Excluding (U)LIRGs. 

The mean value and its standard error. 
Standard deviation of an individual target. 
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Fig. 1. — Starburst definition: Red open stars denote galaxies classified as starbursts in the literature. Blue triangles mark galaxies not 
being classified as such. All our CO J = 3-2 non-dctcctions arise from the latter sam ple and are marked by open triangles. Also marked 
are NGC 253 (by a green star), a typical starburst galaxy (e.g., Brunthalcr ct al. 2009), and IC 342 (by a green triangle), a galaxy similar to 
the Milky Way (Dowries ct al. 1993). The dashed horizontal line, with log(Lpjjs ,/ -D25) = 7.25 L© kpc -2 , is used as the borderline between 
starburst and non-starburst galaxies throughout this paper. 
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Fig. 2. — Number distributions of the observed galaxy sample: a) Hubble type (sec dc Vaucoulcurs ct al. 1991), b) far-infrared luminosity, 
c) 60/im/100^tm dust color temperature, d) distance, e) optical angular size, f) linear size, g) inclination, and h) B-band magnitude of the 
observed sample. 
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Fig. 3. — CO J = 3-2 spectra. The velocity scale corresponds to Local Standard of Rest in units of kms 1 . The intensity is displayed 
in units of main beam brightness temperature (K). 
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Fig. 3.— 



( Continued) 
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Fig. 3. — (Continued) 
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Fig. 5. — R31 versus a) Hubble type, b) distance (the lower X-axis) or projected beam size (the upper X-axis in kpc) c) cosine of the 
inclination, d) FIR luminosity, e) dust temperature, and f) FIR luminosity per unit area (Lfir/^Is) °f sam pl e galaxies with galaxy types 
being indicated in a). The error bars are removed for clarity in the panels b) - f). 
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Fig. 6. — Log-log plot of the correlation between nuclear CO and global FIR luminosity for CO(3— 2) (upper panel) and CO(l-O) (lower 
panel). Both CO line luminosities cover the central 22" region, except for the crosses representing CO(l-O) data with the larger (~50") 
beams of the FCRAO-14m or NRAO-12m telescopes. Straight lines show linear regression fits to the unweighted data. Slopes (s) and 
correlation coefficients (r) are given at the lower right corner of each panel. Only our CO(3-2) detections and CO(l-O) data from the 
IRAM-30 m are included in the fits. Non-detections (upper limits) and data from the FCRAO and NRAO were not considered. IC 10, the 
isolated dot at the lower left corner of each panel, is also not part of the fits (see § 5.2.2). 
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Fig. 7. — Log-log correlation of a) £co(3-2) and Lpir (this work), b) Lco(l-O) an d ^FIR (CO from the IRAM-30m telescope), and 
c) ico(l-O) an d ^FIR (CO from the FCRAO-14m and NRAO-12m antennas), with our sample galaxies being divided into three groups 
characterized by their optical angular sizes (D25): 1) -D25 < 2' (filled circles, solid lines denoting the corresponding linear regression fit), 
2) 2' < D25 < 4' (empty triangles, dashed lines), and 3) 4' < D25 < 18' (crosses, dash-dotted lines). The corresponding slopes (s) and 
correlation coefficients (r) are also given. 
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Fig. 8. — A comparison of our integrated CO(3-2) intensities with previously published results. The horizontal axis gives the logarithmic 
intensity deviation, where I' denotes the integrated CO (3— 2) intensity taken from the literature, while Iq is from this work. Data points 
measured at nominal position offsets > 5" are represented as open squares. A pair of vertical lines marks the ±0.3 dex deviation limits. 
For the references given in the lower right box, see §A.l. 
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Fi g. 9. — A compariso n of CO(3-2) integrated intensities for galaxies observed with the JCMT-15m (bv lYao et~aLl H2003 . JCMT-Y03) 
and IWi lson ct al. (2008, JCMT-W08)) and with the HHT-lOm in this paper. Two straight lines denote the theoretical relationship of 
intensities obtained with the two telescopes assuming point-like (dashed) and uniformly-extended (dotted) structures with respect to the 
observing beams. 



